Rickettsii rickettsii, the etiologic agent of Rocky Mountain spotted fever, replicates within the cytosol of infected cells and uses actin-based motility to spread inter-and intracellularly. Although the ultrastructure of the actin tail and host proteins associated with it are distinct from those of Listeria or Shigella, comparatively little is known regarding the rickettsial proteins involved in its organization. Here, we have used random transposon mutagenesis of R. rickettsii to generate a small-plaque mutant that is defective in actin-based motility and does not spread directly from cell to cell as is characteristic of spotted fever group rickettsiae. The transposon insertion site of this mutant strain was within Sca2, a member of a family of large autotransporter proteins. Sca2 exhibits several features suggestive of its apparent role in actin-based motility. It displays an N-terminal secretory signal peptide, a C-terminal predicted autotransporter domain, up to four predicted Wasp homology 2 (WH2) domains, and two proline-rich domains, one with similarity to eukaryotic formins. In a guinea pig model of infection, the Sca2 mutant did not elicit fever, suggesting that Sca2 and actin-based motility are virulence factors of spotted fever group rickettsiae.
Intracellular bacterial pathogens utilize various strategies to avoid detection and killing by the cells they infect. A fundamental strategy of intracellular survival involves the intracellular niche occupied by a pathogen. One approach is for bacteria to remain sequestered within a vacuole that dissociates from endosomal/lysosomal maturation pathways (20, 25, 31 ). An alternative strategy is for bacteria to escape from the endocytic vacuole in order to utilize the host cell cytosol as the site of replication. Listeria, Shigella, and Rickettsia are intracytoplasmic pathogens that not only replicate within the cytosol, but also exploit the host actin polymerization machinery to propel themselves into neighboring cells as a mechanism of cell-to-cell spread and immune evasion (14, 27) .
Members of the genus Rickettsia are Gram-negative obligate intracellular bacteria transmitted to humans via arthropod vectors (5) and are the etiologic agents of a number of serious diseases in humans. Rickettsia spp. are historically divided into two groups, the spotted fever group and the typhus group (66) . Rickettsia rickettsii, the causative agent of Rocky Mountain spotted fever, is the prototypic spotted fever group rickettsia and causes the most severe of spotted fever group rickettsioses. The spotted fever group of rickettsiae is comprised of over 20 closely related species that occur throughout the world. Many species are regionally important as disease agents, while others have never been associated with human disease (30, 43, 50, 63) . Spotted fever group rickettsiae recruit actin at the surface of the bacteria to induce microfilament production and facilitate dissemination to adjacent cells (29, 33, 59) . In contrast, the typhus group, which includes the etiologic agent of epidemic typhus, Rickettsia prowazekii, as well as Rickettsia typhi and Rickettsia canada, stimulate limited or no actin polymerization (33, 59) .
Although Listeria, Shigella, and Rickettsia each use actinbased motility as a means of intra-and intercellular movement, the molecular mechanisms involved differ, suggesting that these diverse pathogens have independently acquired this capacity. Ultrastructurally, rickettsial actin tails are longer and are made up of linear actin filaments (29, 62) . This is in contrast to Listeria monocytogenes and Shigella flexneri actin tails, which appear as highly cross-linked structures composed of multiple branched actin filaments (27, 29, 60) . The branched actin structure of Listeria and Shigella actin tails is consistent with the presence of the host Arp2/3 complex, which is observed along the entirety of the Listeria and Shigella actin tails, but not rickettsial actin tails (21, 29, 65) . The Arp 2/3 complex nucleates new actin filaments at a 70°angle from existing filaments (11, 46) , and its absence from rickettsiae has been correlated with the unbranched filaments of rickettsial actin tails (29) . A functional role for the Arp2/3 complex in the actin-based motility of Listeria and Shigella is demonstrated by the inhibition of their movement in cells expressing the verprolin, cofilin, and acidic (VCA) domain of neuronal-WiscottAldrich syndrome protein (N-WASP) (32, 42) , which acts as a dominant-negative inhibitor of the Arp2/3 complex (22, 45) . Conversely, expression of the VCA domain had only a modest effect on the motility of R. rickettsii (32) , suggesting that its actin-based motility may be independent of the Arp2/3 complex.
Most pathogens that parasitize the host actin nucleation machinery do so through the activation and recruitment of the host Arp2/3 complex (17). Arp2/3 requires activation by WASP family members to nucleate actin. In the case of L. monocytogenes, the protein ActA functionally mimics WASP family proteins in the recruitment and activation of Arp2/3 at one pole of the bacterial surface (34) . S. flexneri expresses an autotransporter protein, IcsA, that recruits host WASP family proteins to activate the Arp2/3 complex (9, 38) . Due to the limitations imposed by the obligate intracellular lifestyle of rickettsiae, identification of the bacterial gene products involved has been limited. The rickettsial protein RickA has been proposed as a molecule responsible for directing actin-based motility of Rickettsia, as it was found only in members of the spotted fever group yet was absent from the typhus group species (28) . Indeed, RickA localizes to the surfaces of the bacteria, activates Arp2/3 complex proteins in vitro, and is sufficient to promote actin polymerization in vitro, as well as subsequent motility of RickA-coated beads in cell extracts (28, 34) .
Here, we report the characterization of an R. rickettsii mutant generated via transposon mutagenesis that is unable to generate actin comet tails or spread directly from cell to cell, as does the congenic parental strain. Sca2 (surface cell antigen 2), a member of a family of large autotransporter proteins (10), was truncated by transposon insertion and appears to represent a rickettsial protein in addition to RickA that is necessary for the actin-based motility of rickettsiae. Importantly, in a guinea pig model, the Sca2 mutant does not induce fever as does the congenic wild-type strain, suggesting that Sca2 is a virulence determinant for spotted fever group rickettsiae.
MATERIALS AND METHODS
Bacteria and cell cultures. R. rickettsii strain R with a clear-plaque morphology (R-clear) was propagated in Vero cells with Medium 199 (Invitrogen) plus 10% fetal bovine serum (HyClone Laboratories, Inc.) and purified by Renografin density gradient centrifugation as previously described (64) .
Transposon mutagenesis. R. rickettsii cells were transformed using the mariner-based Himar1 transposon system, as previously described (40) , and directly plated onto Vero cell monolayers overlaid with 3 ml Medium 199 containing 0.05% agarose and 5% fetal bovine serum. After 24 h of incubation at 34°C, 2 ml of the overlay medium containing 400 ng/ml rifampin was added, and the infection was allowed to progress for 7 days at 34°C until visible plaques formed. Eight plaques were picked, recloned, and expanded by inoculation on fresh Vero cell monolayers incubated in the presence of rifampin.
Microscopy. Vero cells grown on 12-mm coverslips in a 24-well plate were infected with R. rickettsii at a multiplicity of infection (MOI) of 5 for 30 min at room temperature. Fresh Medium 199 containing 2% fetal bovine serum (FBS) was added to each well, and the infection was allowed to progress for 24 h at 34°C. The monolayers were fixed in 3.7% paraformaldehyde, 25 mM NaPO 4 , 150 mM NaCl for 5 min and then washed in phosphate-buffered saline (25 mM NaPO 4 , 150 mM NaCl, pH 7.4) (PBS). The cells were permeabilized with 0.1% Triton X-100 in PBS for 5 min and rinsed once with PBS. The rickettsiae were labeled with an anti-OmpB monoclonal antibody, 13-2 (1), and visualized with an anti-mouse immunoglobulin-Alexa Fluor 488 secondary antibody. F-actin was labeled with Alexa Fluor 598-phalloidin (2 U/ml). Coverslips were washed three times with PBS and once with distilled H 2 O (dH 2 O) and mounted with DakoCytomation Aqueous Mounting Medium (DakoCytomation). Images were acquired on a Nikon Microphot-FXA microscope with a 60ϫ 1.4-numerical-aperture (NA) oil immersion objective (Nikon) and a Photometrics CoolSnap HQ camera.
Growth curves. R. rickettsii R and the transposon mutants 9-7 and 9-3 were inoculated onto Vero cell monolayers grown in T25 flasks at an MOI of 0.05 bacteria/cell. Monolayers were harvested from a single flask daily for 8 days for plaquing. At the designated time, the monolayers were scraped into the medium and centrifuged at 12,000 rpm. The pellets were resuspended in 1 ml K36 buffer (0.1 M KCl, 0.015 M NaCl, 0.05 M K 2 HPO 4 , 0.05 M KH 2 PO4, pH 7.0) and lysed by disruption twice for 5 s each time with 1-mm glass beads using a MiniBeadbeater (BioSpec, Inc.). The cell suspensions were frozen at Ϫ80°C until plaque assays were performed. The plaque assays were performed as previously described (16) .
Genomic-DNA purification. R. rickettsii R and the transposon mutants 9-7 and 9-3 were purified by Renografin density gradient and resuspended in 450 l TE (50 mM Tris, 50 mM EDTA, pH 8.0). The suspension was then brought to 1% sodium dodecyl sulfate (SDS), 10 mM dithiothreitol, and 400 g/ml RNase A (Invitrogen) for 10 min to achieve lysis, and proteinase K was added to 0.1 mg/ml and incubated at 60°C for 2 h. Proteinase K was supplemented at 20-min intervals. DNA was extracted three times with 1 volume of phenol-chloroformisoamyl alcohol (25:24:1; Roche Applied Science), followed by two extractions with 1 volume of chloroform-isoamyl alcohol (24:1). The final aqueous phase was removed, and the DNA was precipitated with 0.1 volume of 5 M ammonium acetate plus 0.6 volume of isopropanol. The pellet was washed with 70% ethanol, dried, and resuspended in nuclease-free water to a concentration of 500 ng/l.
Sequencing of transposon insertion sites. The eight rifampin-resistant transformants were confirmed to display green fluorescent protein (GFP uv ) expression by fluorescence microscopy, and the presence of the gfp gene was confirmed by PCR using the primer set GFPF (5Ј-GGTTGTCTGGTAAAAGGACAGG GCC-3Ј) and GFPR (5Ј-GCACAAATTTTCTGTCAGTGGAGAG-3Ј). All clones were positive for gfp. DNA was extracted from each strain as described above. Direct sequencing with the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) was performed using 2 g DNA and 2 l BigDye Terminator Ready Reaction Mix. Primers complementary to regions within the transposon and directed outward into the rickettsial chromosome were designed (PMW3202, 5Ј-ATCCCCGGCAAGTTCATCCT-3Ј, and PMW5790, 5Ј-TAAA AGCAAGTATGTTCCTA-3Ј).
Southern blotting. Genomic DNA was digested to completion at 37°C with HindIII (New England Biolabs), resolved by agarose gel electrophoresis, and stained with ethidium bromide. The migration of the DNA standards was recorded. The DNA was transferred onto a SensiBlot Plus nylon membrane (Fermentas Life Sciences, Canada) by capillary action with 20ϫ SSC (3 M NaCl, 0.3 M sodium citrate, pH 7.0), after which the membrane was cross-linked by UV (302-nm) irradiation. The 524-bp gfp-specific probe was generated by PCR using primers GFPF and GFPR with the plasmid pMW1650 as a template. The PCR products were purified using QiaQuick columns (Qiagen) and labeled with [ P]dCTP by using Ready-to-Go DNA-labeling beads (GE Healthcare) according to the manufacturer's instructions. The nylon membrane was moistened with prehybridization buffer (1% SDS, 10% dextran sulfate, and 1 M NaCl) prior to the addition of a denatured gfp fragment probe (7 ϫ 10 6 cpm) and salmon sperm DNA (0.1 mg/ml) (Invitrogen). Hybridization was performed overnight at 60°C in a hybridization oven with constant rotation. The membranes were washed twice in 2ϫ SSC at room temperature for 5 min each time, twice in 2ϫ SSC-1% SDS at 73°C for 30 min each time, and twice in 0.1ϫ SSC at room temperature for 30 min each time. The membranes were air dried and exposed to CL-X Posure film (Thermo Scientific) at Ϫ80°C for 2 h.
Guinea pig infection. Six-week-old female Hartley guinea pigs were inoculated intradermally with 100 PFU of each of the following: R. rickettsii strain R, R. rickettsii strain R mutant 9-7 (Sca2), R. rickettsii strain R mutant 9-3, formaldehyde-fixed R. rickettsii strain R, or an equivalent volume of K36 buffer alone. The remainder of the inoculum was plated immediately afterward to confirm the PFU. Temperatures were monitored rectally for 14 days beginning the day of infection. Blood was drawn from the guinea pigs 30 days postinfection, and antibody titers were determined by microimmunofluorescence.
RESULTS
Transposon mutagenesis of R. rickettsii. The mariner-based transposon mutagenesis system developed for Rickettsia prowazekii (40) was used to generate a collection of R. rickettsii mutants. Eight clones were plaque purified and expanded for further characterization. Southern blot analysis revealed only a single predominant band in each of the mutants, demonstrating that transposition had occurred at a single site within the genome of each of the transformed strains (Fig. 1A ). Direct sequencing of purified genomic DNA from each of the clones using primers from within the transposon delineated the precise insertion sites (Table 1) . Transposition sites were randomly distributed throughout the rickettsial genome (Fig. 1B) . Three of the clones contained transposon insertions in intergenic regions, while the remaining five clones contained a single insertion in the open reading frames specified in Table 1 .
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on July 6, 2017 by guest http://iai.asm.org/ plaque morphology in which the plaques were visibly smaller than those of the parental strain ( Fig. 2A) . To rule out the possibility that slower growth of the Sca2 mutant might be responsible for the small-plaque phenotype, growth rates were determined in Vero cell monolayers infected at an MOI of 0.05 with clones 9-7 and 9-3 and the parental R strain. One flask per group was harvested daily for 7 days, and rickettsiae were replated on fresh monolayers for quantitation of progeny PFU. The transposon mutants and wild-type rickettsiae replicated at equivalent rates, demonstrating that differences in intracellular multiplication cannot account for the differences in plaque size (Fig. 2B ). Sca2 mutant bacteria do not generate actin comet tails. Because plaque size is correlated with the capacity for bacteria to spread to adjacent cells (9, 35, 49, 57) , we used phalloidin staining of infected Vero cell monolayers to investigate whether the Sca2 mutant was able to generate actin comet tails. As has previously been shown (33) , long actin tails were readily detected emanating from a single pole of wild-type rickettsiae (Fig. 3) . In contrast, actin comet tails were not observed in cells infected with Sca2 mutant bacteria (clone 9-7), nor was actin visibly recruited to the surface of the microbe (Fig. 3) . Clone 9-3 behaved like the parent rickettsiae. Notably, the Sca2 mutant did not appear to spread readily to adjacent cells, as did the parent rickettsiae or clone 9-3. The tendency to remain in an infected cell and replicate without spread to neighboring cells is characteristic of R. prowazekii (68) , which lacks actin-based motility (33) . Altogether, the data suggest that Sca2 is necessary for rickettsial actin-based motility and cell-to-cell spread.
Sca2 is a rickettsial virulence factor. In animal models of virulence, Listeria ActA and Shigella IcsA have been shown to be important virulence determinants (9, 12, 36) . Guinea pigs have been used as a model system for rickettsial pathogenesis, with fever induction providing the metric for virulence (2, 4, 8) . In order to establish whether Sca2 is a rickettsial virulence factor, guinea pigs were inoculated intradermally with 100 PFU of each of the following strains: R. rickettsii strain R, R. rickettsii Sca2 mutant (clone 9-7), and R. rickettsii mutant (clone 9-3). Negative controls consisted of an equivalent number of formalin-fixed R. rickettsii cells, as well as animals sham-inoculated with K36 buffer. Rectal temperatures were monitored just prior to infection and every 24 h thereafter for 2 weeks. Wild-type R. rickettsii strain R induced a fever of Ͼ40°C by 2 days postinfection that peaked on day 5 (Fig. 4A) . In contrast, infection with the Sca2 mutant did not result in fever induction. The Sca2 mutant, however, apparently replicated sufficiently to cause seroconversion in the guinea pigs (Fig. 4B ). Animals inoculated with formalin-fixed rickettsiae, which do not replicate, did not show evidence of fever or seroconversion. Guinea pigs infected with the 9-3 mutant developed fevers with a peak temperature and duration similar to those seen in the infection with the wild-type strain. Thus, Sca2 is a virulence factor for R. rickettsii. The Sca2 amino acid sequence contains putative WH2 and formin homology domains. Sca2 was originally identified during analysis of nine completed rickettsial genomes as a member of a family of autotransporter proteins (10) . It contains an N-terminal Sec-dependent signal sequence for protein translocation into the periplasmic space, along with the appropriate signal sequence cleavage site. Like all members of this family, it also bears a C-terminal autotransporter domain predicted to form a beta barrel in the outer membrane, facilitating translocation of the remainder of the protein to the outside of the bacterium (Fig. 5) . In a search for amino acid sequences with similarity to the domains found in actin binding proteins, overlapping segments of the Sca2 protein sequence were aligned with known eukaryotic actin binding domains using ClustalV alignment. Four putative Wasp homology 2 (WH2) domains were identified within Sca2. Three were within the N-terminal half and the fourth just upstream of the autotransporter domain. A ClustalW alignment of the four putative rickettsial WH2 domains, as well as the WH2 domains from human CAP, WASP, and WAVE proteins; Vibrio VopF and VopL; and Chlamydia trachomatis Tarp, are shown in Fig. 5B . The putative WH2 domains from Sca2 maintain the characteristics needed for actin binding, including the hydrophobic residues found in the first half of the domain and the invariant leucine found in the LKKT motif in the second half of the region. Moreover, STRAP analysis (26) predicted coiled-coil-forming segments in the N-terminal portion of the first 3 rickettsial WH2 domains, a characteristic found in other, well-characterized WH2 domain-containing proteins (18) . In addition, there are two proline-rich motifs within Sca2. One region consists of 8 consecutive proline residues in the C-terminal half of the protein, while the other region, found between the first putative WH2 domains, shares sequence homology with the formin homology 1-like (FH1) domain of formins, another class of eukaryotic proteins capable of nucleating actin (23, 52) (Fig.  5C ). These predicted structures are consistent with a role for Sca2 in rickettsia-mediated actin dynamics. Sca2 in R. rickettsii 9-7 was disrupted at amino acid 95 of the predicted 1,873 amino acids of the intact protein and thus is lacking all of the features predicted to be involved in actin dynamics.
Conservation of Sca2 in spotted fever group rickettsiae. A BLAST search of Sca2 orthologs in the genus Rickettsia identified over 18 species with full-length Sca2 proteins and others with ostensible gene fragments ( felis. An interesting observation is that R. peacockii encodes an intact Sca2 (24) but does not exhibit actin-based motility (6, 56) . Interestingly, RickA of R. peacockii is disrupted by the presence of an insertion element, ISRpe1 (56) . This observation suggests that actin-based motility may require the activities of at least two rickettsial proteins, RickA and Sca2, functioning in concert.
Of the typhus group, R. prowazekii is predicted to encode only a truncated version of 341 amino acids encompassing the pre- dicted fourth WH2 domain, as well as the autotransporter domain. R. prowazekii does not, however, encode the first three putative WH2 domains, the proline-rich domains, or secretory signals. Thus, R. prowazekii does not appear to express a functional Sca2 protein, which would be consistent with the lack of actin-based motility in the species. R. typhi is predicted to encode a protein of 1,483 amino acids whose highest degree of similarity overlaps the autotransporter domain and the fourth WH2 domain but also includes a region with limited similarity to the FH1 domain, as well as a secretory signal. This may explain the limited actin-based motility and short actin tails observed with R. typhi (29, 33, 59) . R. canada has been reported not to exhibit actinbased motility (33) and has been described as encoding a split Sca2 (47, 48) ; however, the recently completed genome reportedly encodes an apparently intact Sca2 ortholog (YP_002916397), as well as a full-length RickA ortholog (YP_001492102).
DISCUSSION
Although intracellular movement of rickettsiae has been recognized for over half a century (37, 55, 67) , the molecular mechanisms of actin-based motility have been better characterized in the more experimentally tractable facultative intracellular pathogens L. monocytogenes and S. flexneri (27, 29) . These intracellular pathogens have provided important tools for the study of actin dynamics and the identification of cellular proteins regulating actin polymerization. Despite a more limited knowledge of bacterial factors involved in rickettsial actinbased motility, it is clear that distinct mechanisms are involved, based upon the unique ultrastructure of the actin tail itself, host accessory proteins associated with the tail, and the apparent lack of a requirement for the cellular actin nucleating Arp2/3 complex. Here, we have used transposon mutagenesis of R. rickettsii to identify an autotransporter protein (Sca2) that is required for actin-based motility. Compared to the parent strain or a transformant with a different insertion site, the Sca2 mutant displays reduced virulence in a guinea pig model of infection. Sca2 and actin-based motility, therefore, appear to be bone fide virulence determinants of spotted fever group rickettsiae.
As has been the case with other bacterial obligate intracellular parasites, genetic systems for manipulation of rickettsiae have been somewhat limited. The recent development of mariner-based transposon systems for rickettsiae has led to significant advances (19, 40, 53, 54) . Challenges in efficiency of transformation and selection remain, but these systems have offered new promise for rickettsial research. Perhaps the most significant remaining obstacle is that, in the absence of growth on axenic media, disruption of genes essential for entry or other critical functions for intracellular growth and virulence would be lethal. The majority of the work in developing genetics for rickettsiae has been done with R. prowazekii (19, 40, 53, 54) . Spotted fever group rickettsiae offer one advantage over the typhus group in that spotted fever rickettsiae readily form plaques while the typhus group does not (16, 44, 51) ; thus, direct plating and observation of plaque morphology are possible without the necessity of cloning by limiting dilution. In this manner, we were able to identify a plaque morphology consistent with impaired cell-to-cell spread and possible defects in actin-based motility.
Recent analysis of multiple rickettsial genomes of both the spotted fever and typhus groups has led to the identification of a large family of high-molecular-mass autotransporter proteins. From nine sequenced Rickettsia genomes, 17 members of this family were identified (10) . Two members of the family, rickettsial OmpA (rOmpA) and rOmpB, are high-abundance antigenic proteins on the surfaces of rickettsiae and are targets of neutralizing antibody (3, 39) . The functions of most members of the Sca family of autotransporters are unknown, but the proposed roles of rOmpA and rOmpB as adhesins (15, 39, 61) have led to the suggestion that many members of the Sca family may also be involved in the attachment process (10) . Indeed, R. conorii Sca2 has recently been associated with adherence (13). While we did not formally measure the rates of attachment or entry of the Sca2 mutant described here, the growth rates and infectivity of Vero cells did not appear to be impaired. Effects on other cell types-arthropod cell lines, for example-were not investigated. Sca2, however, displays several features consistent with a role in actin dynamics. R. rickettsii Sca2 contains an N-terminal Sec-dependent translocation signal and cleavage site, as well as the predicted C-terminal autotransporter domain. Analysis of the Sca2 amino acid sequence revealed four putative WH2 domains, as well as 2 proline-rich regions, one of which bears similarity to the FH1 domain of formins. The presence of these domains is reminiscent of VopF and VopL proteins found in Vibrio cholerae and Vibrio parahaemolyticus, respectively (41, 58) . VopF/VopL are substrates of the Vibrio type III secretion system and similarly contain FH1-like and WH2 domains, both of which are re- The accession numbers for proteins from humans are hDiap1, NP_001073280.1, and hFormin2, CAQ10135.1, and from mouse they are mDia1, AAH21396.1, and mFormin2, EDL13214.1. The consensus sequence was identified based upon a minimum of 75% amino acid identity at that position. Black shading indicates 100% similarity, and gray shading indicates Ͼ60% similarity. 
a The presence of domains was determined by performing a BLASTp search using R. rickettsii Sca2 as the query, followed by amino acid sequence alignment in cobalt of the obtained matches. SS, Sec-dependent signal sequence; WH2, WH2 domain; PRR, proline-rich region; ATD, autotransporter domain. ϩ, sequence retained; Ϫ, either the entire sequence is missing or the sequence maintained less than 50% identity to the consensus sequence.
b Spotted fever group species that retained all identified domains: R. rickettsii strain Iowa (YP_001649468. RickA, which was initially identified bioinformatically based upon its absence from the genome of typhus group rickettsiae, activates the Arp2/3 complex in vitro and stimulated motility of RickA-coated beads in Xenopus extracts (28, 34) ; however, its role in the actin-based motility of rickettsiae has not yet been demonstrated on rickettsiae themselves. R. raoulti, a spotted fever group rickettsia that does not exhibit actin-based motility, expresses RickA and has led to a proposal that additional rickettsial proteins may be required (7) . Conversely, R. peacockii expresses an apparently intact Sca2 ortholog, but RickA is disrupted, and R. peacockii does not exhibit actin-based motility (56) . It is possible that RickA and Sca2 function together to promote actin-based motility. Genetic knockdown of RickA may confirm its role and aid in the identification of additional rickettsial proteins required for intracellular movement.
Actin comet tail formation has been shown to be an important virulence determinant for both Listeria and Shigella, as ActA and IcsA mutants are avirulent in their respective animal models (9, 12, 35) . Because Sca2 is required for actin-based motility by R. rickettsii, it is perhaps not surprising that the Sca2 rickettsial mutant is unable to induce fever in a guinea pig model system. Sca2 and the capacity for actin-based motility are common features of most of the spotted fever group rickettsiae, although some members of the group have never been associated with human disease and do not cause fever in animal model systems (2) . Clearly, multiple factors contribute to rickettsial virulence. The ongoing improvements in the ability to genetically modify rickettsiae provide an important new means to identify additional factors that contribute to rickettsial pathogenesis.
